reminder from the app to enter information related to the event, specifically symptoms, treatment, and causation ( Figure 1 ). The hypothesis is that tracking symptoms and events on mobile devices can improve hypoglycemia awareness thereby assisting patients to better detect and prevent future hypoglycemic events. The primary objective of this pilot study was to examine feasibility in the use of this app in a real-world clinic setting and determine if its use reduced hypoglycemic events and time in hypoglycemia in adults with T1D. A blinded Dexcom G4 Platinum Professional continuous glucose monitor (CGM) was used to measure time in hypoglycemia for 2 weeks prior to baseline and after 6 and 12 weeks of using the app. CGM metrics were computed overall and separately for daytime (6 am to 12 midnight) and nighttime (12 midnight to 6 am) hours. Hypoglycemia awareness was assessed using the Clarke survey. 16 Patient satisfaction with use of the app was also evaluated. If this smartphone app can assist patients in reducing their risk of serious hypoglycemia and time in hypoglycemia, it could be of great benefit.
Methods

Participants and Procedures
Inclusion criteria were age ≥ 21 years with T1D and current use of a smartphone (iPhone or Android). Exclusion criteria included end-stage renal disease, dementia, severe visual impairment affecting their ability to read the screen of their smartphone, and current use of CGM. At the screening visit, after obtaining informed consent, participants completed the Clarke Hypoglycemia Unawareness survey. To qualify for continuation, participants were required to have 2 or more "R" responses on the survey indicating a lack of full awareness of hypoglycemia. For those without full awareness, a blinded Dexcom G4 Platinum Professional was placed. CGM data were collected for 2 weeks. Participants were given the option to return to the clinic in 7 days for a sensor change, or to receive instructions on how to change the sensor at home. The baseline visit was scheduled for approximately 2 weeks after placement of the first sensor.
At the baseline visit the CGM was downloaded. Subjects continued in the study if, on the CGM download, there were at least 4 readings of glucose <70 mg/dL including 2 readings of glucose <55 mg/dL during daytime hours. Following confirmation of eligibility, the Glooko app was downloaded to the participant's smartphone. Participants then received the MeterSync Blue™ (Glooko Inc) which was needed to sync their glucose meter to their smartphone. They received training in the use of Glooko including instructions for synchronizing their glucose meter daily with their mobile device and in the use of the Joslin HypoMap™ app, designed by Dr Howard Wolpert and powered by Glooko.
After using the app for 6 weeks, and again at 12 weeks, participants returned for follow-up visits. At each of the 2 follow-up visits, the Clarke survey and a questionnaire assessing participant opinions on usability and satisfaction with the app were administered, and CGM data were collected for 2 weeks using a blinded Dexcom G4. HypoMap data from smartphones were collected through Glooko. A1c was recorded at baseline and 12 weeks. 
Analyses
The primary analysis compared the time spent in hypoglycemia and number of hypoglycemic episodes before and after use of the app. Each participant served as his/her own control. CGM metrics were computed overall and separately for daytime (6 am to 12 midnight) and nighttime (12 midnight to 6 am) hours. Two definitions of hypoglycemia were used: CGM glucose readings ≤ 70 mg/dL and < 54 mg/dL. A hypoglycemic episode was defined as at least 5 consecutive readings at these levels (devices collected data every 5 minutes). An episode was considered ended after 5 consecutive readings were above the cut-point.
If there were time gaps within an episode, gaps lasting less than 20 minutes were handled as follows: If the readings bracketing the gap were both below the cut-point for that episode, the episode was considered to be continuing. If the reading at the start of the gap was below the cut-point, but the next reading was above the cut-point, the episode was considered ended, and the time stamp of the final low reading was used as the ending time of the episode. Gaps of greater than 20 minutes also signaled the end of an episode, and again, the time stamp of the final low reading was used as the ending time of the episode.
Subjects were included in the analysis as CGM completers if they had CGM data at baseline and after using the app for at least 6 weeks, as well as at least 7 "analysis days" of data for an included visit, defined as at least 3 hours of night readings (midnight-6 am) and at least 6 hours of day readings (6 am-midnight), excluding gaps. The duration and number of hypoglycemic episodes at baseline were compared to those after 6 weeks and 12 weeks of using the app for each participant.
Hypoglycemia awareness was measured using the Clarke survey as follows: a score ≥4 was considered "reduced awareness," 3 was coded as "partially aware," and ≤2 was considered "aware."
Results
Baseline characteristics of participants are shown in Table 1 . Overall, mean age was 43 years (SD 14), and mean duration of diabetes 26 years (SD 13). Of the 28 participants who completed the screening visit, 22 continued participation. Reasons for withdrawal from the study at the baseline visit were (1) baseline CGM did not document sufficient hypoglycemia per protocol (n = 3), (2) technology difficulties (problems with app and phone compatibility, n = 2), and (3) one participant used the Dexcom G4 in her swimming pool twice at baseline, destroying 2 devices. Of the 22 participants, 13 (59%) were CGM completers. An additional participant completed all study questionnaires and procedures except for the CGM. Most of the reasons for noncompletion related to difficulties with the technology (difficulties using the app, problems with app and phone compatibility, using the app took too much time, difficulties synchronizing meter and app). One participant moved out of the area, and one participant decided to obtain and use a personal unblinded CGM. The mean A1c at baseline was 8.0% (SD 0.87) and at 12 weeks was 8.1% (SD 0.94).
At baseline (for CGM completers, n = 13), mean total CGM readings was 15787 minutes/participant (range 10446-19050). All 13 CGM completers had hypoglycemia at baseline: mean minutes/participant with glucose < 54 mg/dL was 506 (range 25-1260), and mean number of episodes/participant of glucose < 54 mg/dL was 6 (range 1-13); mean minutes/participant with glucose ≤ 70 mg/dL was 1119 (range 420-2075), mean % time/participant with glucose ≤ 70 mg/ dL was 7.2% (range 2.7-18.4%), mean number of episodes of glucose ≤ 70 mg/dL was 11 (range 4-21).
Changes in time in hypoglycemia after using HypoMap for 6 weeks and 12 weeks are shown in Table 2 . Overall, the majority of participant CGM completers had less daytime hypoglycemia at 6 weeks: 62% of CGM completers (36% of total participants) were "improved" with less time <54 mg/ dL (mean ↓331 minutes) and 77% of CGM completers (45% of total participants) had less time ≤ 70 mg/dL (mean ↓449 minutes). This difference was not sustained at 12 weeks at which time 50% of CGM completers (23% of total participants) improved (fewer minutes in daytime hypoglycemia) and 50% of CGM completers did not improve (unchanged or more daytime hypoglycemia). Table 3 shows time in hypoglycemia in minutes/day for each participant at baseline, and 6 and 12 weeks after using HypoMap. Nine of the 13 CGM completers spent less time in hypoglycemia after using HypoMap.
Changes in number of episodes of hypoglycemia were also calculated. At 6 weeks, 9 participants (69% of CGM completers, 41% of total participants) had fewer daytime episodes of glucose < 54 mg/dL (mean ↓4 episodes, range 1-9) and of glucose ≤ 70 mg/dL (mean ↓4 episodes, range 1-10). At 12 weeks, 6 participants (46% of CGM completers and 27% of total participants) had fewer daytime episodes of glucose < 54 mg/dL (mean ↓4 episodes, range [1] [2] [3] [4] [5] [6] .
Hypoglycemia awareness at baseline by category, using the score from the complete Clarke survey, is shown in Table 1 . Table 4 shows the changes in "revised" scores over time. Revised scores were calculated after omitting questions 3 and 4 of the Clarke survey. Since these 2 questions ask about hypoglycemia awareness over the past 6 months and 1 year, they were not useful in assessing changes in scores after 6 and 12 weeks. Of the 14 participants who used the app and completed the Clarke surveys over time, 5 had reductions in scores after using HypoMap indicating better hypoglycemia awareness.
Participants were instructed to enter information related to their hypoglycemic episodes using the HypoMap surveys in the app (Figure 1 ). Of the 22 total participants, 20 (91%) had multiple hypoglycemic readings in their app but only 6 participants (27%) completed HypoMap hypoglycemia survey questions. Of the 72 surveys completed (1 survey per hypoglycemic episode), 39 episodes were associated with NO symptoms, 12 were associated with autonomic symptoms, 10 were associated with neuroglycopenic symptoms, and 11 were associated with both autonomic and neuroglycopenic symptoms. At 12 weeks, 12 participants had hypoglycemia readings in Glooko but only 1 CGM completer participant completed the HypoMap surveys. This participant completed the survey for 48 episodes, all episodes without symptoms; Completer: attended at least 1 follow-up visit after using HypoMap for at least 6 weeks, had at least 7 analysis days of CGM with an analysis day defined as at least 3 hours of night readings (midnight-6 am) and 6 hours of day readings (6 am-midnight)] at each time point. b Defined by score on Clarke survey: reduced awareness score ≥ 4, partial awareness score = 3, and aware score ≤≤ 2. this participant did not have a reduction in time in hypoglycemia or in number of hypoglycemic episodes. An additional participant completed the surveys for 5 episodes, 3 of which were associated with neuroglycopenic symptoms and 2 with both autonomic and neuroglycopenic symptoms, but there were no CGM data for this participant. Patient satisfaction scores were based on a 5-point scale, strongly disagree (1) to strongly agree (5) . At the 6-week visit, with 17 participants completing the survey: 13/17 agreed/strongly agreed that they were satisfied with the app to track hypoglycemia episodes (mean score 4.0 ± 1.2), 9/17 agreed/strongly agreed that they were more involved in their care using the app (mean score 3.7 ± 1.2), 9/17 agreed/ strongly agreed that the intervention helped them better recognize hypoglycemia episodes (mean score 3.7 ± 1.2), 6/17 agreed/strongly agreed that they felt they had less hypoglycemia using the app (mean score 2.9 ± 1.2) and 13/17 agreed/ strongly agreed that the app was "easy to use" (mean score 4.2 ± 1.1). At 12 weeks, with 14 participants completing surveys: 9/14 agreed/strongly agreed that they were satisfied with the app to track hypoglycemia episodes (mean score 3.5 ± 1.6), 9/14 agreed/strongly agreed that they were more involved in their care using the app (mean score 3.4 ± 1.7), 9/14 agreed/strongly agreed that the intervention helped them better recognize hypoglycemia episodes (mean score 3.5 ± 1.5), 6/14 agreed/strongly agreed that they felt they had less hypoglycemia using the app (mean score 3.2 ± 1.1), and 11/14 agreed/strongly agreed that the app was "easy to use" (mean score 4.1 ± 1.3).
Discussion
T1D is increasing in prevalence, and people with T1D are living longer. [17] [18] [19] Since hypoglycemia unawareness and high rates of hypoglycemia relate to longer duration of T1D, the problem of severe hypoglycemia is growing. Several strategies have been employed to address this problem, including the use of new insulin regimens and new technologies such as sensor-augmented insulin pumps and CGM with multiple daily injections. 20 In the future, closed-loop systems and islet replacement therapies should be of great benefit. While we await these solutions, structured education and behavioral interventions such as BGAT, HAATT (Hypoglycemia Anticipation, Awareness and Treatment Training), HypoAware, and HyPOS have been used with some success. [10] [11] [12] [21] [22] [23] The use of a smartphone app to deliver such an intervention is particularly appealing given the widespread use and portability of smartphones and the relative low cost of such an intervention.
In this pilot study of the HypoMap app, 9 and 6 participants (41% and 27% of total participants) reported that the app was helpful in recognizing and reducing hypoglycemia after 6 and 12 weeks respectively. The study was conducted in our diabetes center, a "real-world" setting. There were no adherence criteria for use of the app during participation. Data from blinded CGM confirmed improvement 6 weeks after training in the use of the app (reduction in minutes and episodes of glucose ≤ 70 mg/dL and < 54 mg/dL) in 10 individuals (77% of CGM completers, 45% of total participants) and 8 (62% of completers, 36% of total participants) respectively. The fact that these reductions were seen primarily during the day (as anticipated with use of a phone app) supports the premise that the app played a role in this improvement. Lesser effects at 12 weeks may be related to lower use of the app over time. Physiological differences could also be responsible for differing effectiveness of the intervention. Psychoeducation programs are unlikely to be successful in individuals with extremely poor or absent hypoglycemia awareness that is not reversible. Although our sample in this pilot study was small, CGM completers were older and had longer duration T1D which are characteristics associated with more hypoglycemia and hypoglycemia unawareness. Targeting individuals with diminished hypoglycemia awareness who have the potential to recover some awareness with reducing hypoglycemia is an area for future study. There was one participant who scored "aware" (2 "R" responses) on the baseline Clarke Hypoglycemia Awareness survey and higher scores ("reduced awareness") on the 2 follow-up surveys. At baseline, this individual had many hypoglycemic episodes of which he was unaware. With more frequent testing during the study, he realized that he had been having unrecognized hypoglycemia. This points to a limitation of the Clarke survey in assessing hypoglycemia awareness.
Of interest is that 9 participants agreed/strongly agreed that they were satisfied with using the app to track hypoglycemia at 12 weeks, but only 2 participants completed HypoMap surveys in Glooko. It is possible that the transfer of the hypoglycemic readings to the app, displaying a diary of the hypoglycemic episodes and reminding the participants to complete the hypoglycemia surveys ( Figure 1 ) may have been helpful even without completion of the HypoMap surveys.
Many phone apps are available, but there is a paucity of information concerning their actual use and effectiveness. Challenges using phone apps to improve glycemic control have been reviewed. 14, 15 In this small pilot clinic-based study, contributing factors for not using the app included technical issues (some participants had older smartphones and meters that caused difficulty with the sync function, some participants living in rural areas lost connectivity due to poor Internet connections), the added time/burden of entering data (the participant who entered the most data was not employed and was without household or caregiver responsibilities), difficulty keeping Bluetooth "on" at all times (had to carry MeterSync Blue™ since they were instructed to sync daily, complaints that Bluetooth "used up too much battery"). Future studies could include additional contacts to assist participants with some of these technical challenges when starting use of the app and over time. It is hoped that, in the future, as the technology becomes easier to use and less complex (more automated), reducing the burden for the patient and the provider, digital solutions will be more helpful and widely used.
A strength of this study was the use of CGM to assess hypoglycemia. The major limitations are the small number of participants and the high rate of noncompleters. Larger studies will be needed to confirm our findings.
Conclusion
The smartphone app HypoMap has the potential to help a subset of adults with long-standing T1D better recognize hypoglycemia and reduce time in hypoglycemia. Its use should be further studied and considered, as an inexpensive option within a menu of available interventions, to assist appropriate patients in lowering their risk of hypoglycemia. 
